Angelman syndrome, Prader-Will syndrome and Dup15q syndrome map to a cluster of imprinted genes located at 15q11-q13. Imprinting at this domain is regulated by an imprinting control region consisting of two distinct elements, the Angelman syndrome imprinting center (AS-IC) and the Prader-Willi syndrome imprinting center (PWS-IC). Individuals inheriting deletions of the AS-IC exhibit reduced expression of the maternally expressed UBE3A gene and biallelic expression of paternal-only genes. We have previously demonstrated that AS-IC activity partly consists of providing transcription across the PWS-IC in oocytes, and that these transcripts are necessary for maternal imprinting of Snrpn. Here we report a novel mouse mutation that truncates transcripts prior to transiting the PWS-IC and results in a domain-wide imprinting defect. These results confirm a transcription-based model for imprint setting at this domain. The imprinting defect can be preempted by removal of the transcriptional block in oocytes, but not by its removal in early embryos. Imprinting defect mice exhibit several traits often found in individuals with Angelman syndrome imprinting defects.
Introduction
Most imprinted genes are located in clusters that include both maternally and paternally silenced genes. Within each cluster an imprinting control region (ICR) is responsible for both parent-of-origin allele identity and allele-specific gene expression. Imprinted allele identity is stable in somatic tissues but maternal and paternal epigenetic marks are developmentally reprogrammed in the germ line (1) .
Dysregulation of an imprinted gene cluster at 15q11-q13 is responsible for three clinically distinct disorders: Angelman syndrome (AS, OMIM 105830), Prader-Willi syndrome (PWS, OMIM 176270) and Dup15q syndrome (OMIM 608636) . This imprinted domain is unusual in that the ICR was identified not by engineered deletions at the syntenic mouse region, but instead as the smallest region of overlapping deletions shared by individuals with imprinting defects (2) . Imprinting defects manifest as both alleles behaving as having been inherited from the same parent. The ICR of the AS-PWS region is also atypical in that it is comprised of two distinct DNA elements. The 4.4 kb PraderWilli syndrome imprinting center (PWS-IC) includes a CpG island spanning SNRPN exon 1, and is deleted on the paternal allele in some people with PWS imprinting defects (3) . The 880 bp Angelman syndrome imprinting center (AS-IC) is located 35 kb centromeric to the PWS-IC and is deleted on the maternal allele in some individuals with AS imprinting defects (4) . Neither the sequence nor the location of the AS-IC is conserved from human to mouse (5, 6) . Figure S1 and Supplementary Material, Table S1 .
Gene expression patterns in individuals with imprinting defects led Brannan and Bartolomei to propose a widely accepted working model of imprinting mechanisms at the AS-PWS domain (7) . This model posits that the PWS-IC functions in somatic tissue to activate expression of genes on the paternal allele. Among the paternal-only expressed genes is UBE3A-ATS, encoding an antisense RNA necessary to silence UBE3A on the paternal allele in neurons (8, 9) . The AS-IC was proposed to function in the maternal germ line to methylate the PWS-IC. This epigenetic inactivation of the PWS-IC in the female germ line would be maintained after fertilization leading to paternal-only genes being transcriptionally silenced on the maternal allele. The resultant absence of the UBE3A-ATS culminates in maternal expression of UBE3A.
We previously used transgenes containing the Snrpn locus to explore the molecular function of the AS-IC. We found that oocyte transcripts that transit the PWS-IC are necessary to silence Snrpn following maternal transgene transmission, suggesting that murine AS-IC activity resides in several promoters located upstream of the Snrpn major promoter (10) . Consistent with this transcription-based mechanism, we further found that both the human AS-IC sequence and its bovine ortholog encode oocyte-specific promoters (11) . This proposed mode of maternal imprint setting parallels a similar transcription-dependent mechanism previously demonstrated at the Gnas imprinted domain, and that has recently been shown to operate at several additional imprinted domains (12) (13) (14) (15) (16) ).
Here we demonstrate that truncation of oocyte transcripts prior to transiting the PWS-IC is sufficient to disrupt imprinting of the entire 3.2 Mb murine AS-PWS domain. The resulting mutant reveals unexpected consequences of Angelman imprinting defects and provides insight into the transcriptional regulation of genes central to Angelman, Prader-Willi and Dup15q syndromes.
Results

Revised structure of the murine Snrpn transcript
The AS-PWS locus encodes several RNA and protein products that are expressed from the paternal allele, while UBE3A is predominantly expressed from the maternal allele. In both human and mouse, SNURF/Snurf and SNRPN/Snrpn polypeptides are encoded by the same transcript, hereafter referred to as SNRPN/Snrpn. This multigenic transcript also encodes several CD box snoRNAs, additional non-coding RNAs and an antisense transcript responsible for silencing UBE3A/Ube3a on the paternal allele (9, (17) (18) (19) . Alternative upstream promoters and exons (U exons) add further complexity to this transcript and were originally discovered at the human locus by molecular methods (20) . U exons were also found at the murine locus after a deletion of the major promoter at Snrpn exon 1 only modestly reduced expression of Snrpn RNA products (21) . In both mouse and human, upstream-initiated transcripts may also include internal upstream exons and primarily splice into exon Snrpn exon 2. Ultimately nine potential upstream promoter exons that share strong sequence homology were identified in the mouse, although some may not be used as transcription start sites (22) . More complete sequence information and expression analyses now enable a refinement and correction of the number, location and sequence of the U exons shown in Figure 1 . In updating this information, we propose maintaining the names of sequences previously assigned to the upstream promoters. Thus, the sequences previously assigned to U8 and U9 as well as U2 and U3 are now switched in location, and a new exon U10 is shown. The region also includes a new alternatively spliced internal exon originally designated by Greek letters. The sequence alignment and precise locations of the upstream exons are shown in Supplementary Material, Figure S1 and Supplementary Material, Table S1 .
Mutational design for a mouse model of Angelman syndrome imprinting defects
We previously used bacterial artificial chromosome (BAC) transgenes encoding Snrpn exons U3 through body exon 10 to investigate imprinting mechanisms at the AS-PWS locus. These experiments indicated that the U promoter exons are necessary to silence Snrpn following maternal transgene inheritance (10) . These results are consistent with other studies demonstrating a transcription-based mechanism for DNA methylation in oocytes. To further characterize the imprinting mechanism at the AS-PWS locus, we inserted a rabbit ß-globin transcriptional terminator between U1 and the PWS-IC. We chose a location that is 28.6 kb downstream of U1 and 14.3 kb upstream of the major Snrpn promoter (Fig. 1) . In this design, oocyte transcripts initiated at any of the recognized U exon promoters should be truncated prior to the PWS-IC. The floxed terminator sequence Table S3 . Three separate amplifications of each bisulfite converted DNA were performed to ensure that the same genome was not sampled multiple times. Three results from each amplification are shown. Open and closed circles indicate unmethylated and methylated CpG residues respectively. (B) BGS for an element of the Peg3 DMR was performed on AS Term /AS Term oocytes as a positive control for DNA methylation in this sample (26) . Two separate amplifications were performed.
was inserted via a double nickase CRISPR-Cas9 strategy. Four female and two male founders on the C57BL/6 J background were identified. The entire terminator sequence and additional 200 to 400 bases of flanking sequence was confirmed in offspring of three of these founders by PCR amplification followed by Sanger sequencing. These three founders and their offspring were used interchangeably as the source of the new allele that we dubbed AS Term .
Truncation of U exon transcripts in oocytes leads to a PWS-IC methylation defect
The U exons are used robustly in the brain and oocytes (21) (22) (23) .
We tested the ability of the insertion to block U1 initiated transcripts in the newborn brain. The semi-quantitative reverse transcriptase -polymerase chain reaction (RT-PCR) in Supplementary Material, Figure S2 shows that in the m + /p ASTerm newborn brain, U1-exon 3 transcripts are not detectable, and that U1 transcripts are spliced into the terminator, suggesting that the insertion effectively blocks U transcripts. Methylation of the PWS-IC is acquired during oocyte growth in the early postnatal period (24, 25) . To determine whether the transcriptional terminator insertion affected PWS-IC methylation, we performed bisulfite genomic sequencing (BGS) on oocytes isolated from 3-to 6-week-old wild-type and AS Term / AS Term females. AS Term / AS Term oocytes were hypomethylated at the PWS-IC compared with wild-type oocytes ( Fig. 2A ). Methylation at the distant Peg3 germ line differentially methylated region (gDMR) was not affected, suggesting that the methylation defect is localized to the AS-PWS locus ( Fig. 2B ) (26) . Taken together, these results confirm that transcripts originating from the U exons and transiting the PWS-IC are necessary to establish the DNA methylation imprint.
Maternal inheritance of the AS Term insertion leads to an Angleman syndrome-like imprinting defect
To determine whether inheritance of the AS Term allele leads to an imprinting defect, m + / p ASTerm females were mated with DBA2J males. Newborn brain DNA was subjected to BGS and the parental alleles were distinguished by strain specific single nucleotide polymorphisms (SNPs) . Figure 3A shows that compared with wild-type, maternal inheritance of the AS 
Developmentally timed deletion of the transcriptional terminator
The phenotype of the AS Term allele confirms a transcriptionbased mechanism for establishing differential DNA methylation and imprinting at the AS-PWS locus. U exon-originated imprintsetting transcripts are detectable by birth in oocytes (10, 21, 27) . While variable among imprinted domains, DNA methylation at several maternally imprinted gDMRs, including the PWS-IC, occurs during the postnatal oocyte growth phase and can be readily detected by postnatal (PN) day 15 (24, 25) . The extent of methylation is tied to oocyte size and developmental stage. Only a small amount of methylation at a few ICRs is present in 40 μm oocytes, while most ICRs exhibit 30-60% methylation in 60 μm oocytes, ultimately reaching greater than 90% methylation by the germinal vesicle stage (27) . To further explore the mechanism by which U exon transcripts determine the imprint, we analyzed offspring of AS Term , Zp3-Cre females. Zp3-Cre-mediated deletion can be detected by day 5 PN, early during oocyte growth and prior to the bulk of gDMR methylation (28, 29) . Zp3-Cre-mediated removal of the terminator in the oocyte prevented an imprinting defect, as demonstrated by the presence of an appropriate maternal DNA methylation imprint at the PWS-IC gDMR and by monoallelic expression of several genes across the locus (Fig. 4 and Supplementary Material, Fig. 3B ). This result indicates that although transcription across the PWS-IC precedes methylation imprint setting, this earlier transcription is not necessary for the imprint to be established. We next tested whether postzygotic removal of the terminator would re-establish the imprint. m + /p ASTerm females were mated with DBA2J males transmitting the CMV-Cre deleter, which is active prior to implantation (30) . Twelve of 91 newborns recovered bore the AS Term , CMV-Cre and paternal DBA2J markers necessary for analysis. To ensure the earliest possible postzygotic deletion, we restricted our analysis to two samples in which terminator sequences were not detected by PCR in either tail or newborn brain DNA. In these two samples, both the methylation defect at the PWS-IC and biallelic expression of imprinted genes were maintained, indicating that that the terminator functions prior its removal by CMV-Cre (Fig. 5 ). 
Physical characteristics of the AS imprinting defect model
Complementation of the 35kb PWS-IC allele
The PWS-IC is required for expression of paternal-only genes and silencing of Ube3a on the paternal allele. The 35kb PWS-IC Figure 3C . Allelic expression of Ube3a-ats and Ube3a in the same cDNAs as in Figure 4C . The first three panels of both Ube3a-ats and Ube3a are reproduced from Figure 3D as a reference.
mutation removes the entire PWS-IC. Following paternal inheritance, this mutation prevents expression of paternal-only genes, leads to bialleic expression of Ube3a in the neonatal brain and results in a fully penetrant neonatal lethality on the C57BL/6 background (32-34 (Fig. 7C) . These results suggest that the two mutations effectively complement each other and that reversed allelic expression of genes at the locus results in animals that are viable, overtly normal and fertile.
Discussion
About three percent of individuals with Angelman syndrome have an imprinting defect, the presence of a paternal epigenotype on the maternal allele. About 15% of these individuals have inherited a deletion spanning the 880 bp AS-IC on the maternal allele (4, 35, 36) . AS-IC function is necessary to establish imprinting at the AS-PWS domain. A transcription-based mechanism of imprint setting was initially proposed for the locus following the identification of potential transcription start sites upstream of the PWS-IC (37). This mechanism was bolstered by the demonstration that oocyte transcripts are necessary to set the maternal germ line methylation imprint at the Gnas locus (13) . BAC transgenes bearing the three proximal U exons, PWS-IC, and Snrpn gene initially suggested a similar mechanism operating at the AS-PWS locus (10) . Truncation of transcripts prior to the PWS-IC now confirms that U exon transcripts are necessary to establish the imprint across the entire imprinted domain. Significantly, similar mechanisms have also recently been demonstrated at the maternally imprinted Zac1(Plag1), Peg3, Kcnq and Zrsr1 loci (12, (14) (15) (16) . While the core mechanisms of gDMR methylation are likely to be conserved at these five maternally imprinted loci, unique features are also present. Methylation at five regions in two maternally methylated DMRs were studied at the Gnas locus. The imprint-setting transcript transits all five DMRs and was found necessary for oocyte methylation of all (13) . Two neighboring but distinct CpG islands (CGIs) are transcribed in oocytes at the Kcnq1 locus, and truncation of the transcript was found to result in a methylation defect at both (14) . At the Peg3 locus, deletion of the promoter upstream of Peg3 blocks methylation of the gDMR but does not affect methylation of two other somatic DMRs (12) . At the AS-PWS locus, truncating U exon transcripts blocks gDMR methylation within the PWS-IC and ultimately blocks methylation of upstream distal somatic DMRs. These discrepancies indicate diversity in the mechanisms by which methylation imprints are spread or maintained across a domain.
Extensive removal of DNA methylation in primordial germ cells provides a near blank slate for de novo methylation in oocytes. Approximately 2000 CGIs are hypermethylated in germinal vesicle stage oocytes and most imprinted ICRs are included in this list (24, 25, (38) (39) (40) (41) . Veselovska et al. combined oocyte transcription maps and epigenetic profiles to explore the timing and mechanisms by which gDMRs and other CGIs become methylated. They found that 85-95% of CGIs are transcribed in oocytes and that CGIs with undetectable levels of transcription tend to be methylated later than robustly transcribed CGIs (15) . Genetic analyses have augmented molecular analyses of imprint setting transcripts and provided further information about the developmental sequence of events. Zp3-Cre-mediated conditional deletion of DNMT3A or 3L during oocyte growth leads to methylation and imprinting defects at several domains including the PWS-IC (39, 42, 43) . Deletion of oocyte promoter upstream of the Zac1 gDMR with Zp3-Cre resulted in methylation defects at this imprinted gene (15) . These results illustrate the necessity of both the DNA methylation machinery and methylation-inducing transcripts during the oocyte growth phase. Zp3-Cre-mediated removal of the AS Term insertion allowed efficient imprint establishment at the AS-PWS domain. Together, these results suggest that while transcription through the PWS-IC can be detected as early as PN1, transcription prior to the time of Zp3-Cre deletion activity is not necessary to efficiently establish the imprint. The PWS-IC ranks near the middle of 20 gDMRs in terms of the size of oocytes at methylation (27) . Relieving a block to transcription at gDMRs that are methylated in smaller oocytes, such as Socs5 or Igfr2, on the same schedule might further illuminate the connection between oocyte size and CGI methylation. Wu et al. (44) previously described a mutation generating an Angelman syndrome-like imprinting defect. The AS-IC an allele consisted of an upward facing puromycin expression cassette, single loxP element and Hprt exons 3-9. Insertion of the cassette also resulted in a duplication of 6 kb of local sequence. The insertion was located 9.8 kb upstream of Snrpn exon 1, or 4.6 kb downstream of the transcriptional terminator described here. Similar to our results, maternal transmission of the AS-IC an mutation resulted in somatic methylation defects at the PWS-IC and Ndn DMRs, and an approximate two-fold increase in Snrpn expression. UBE3A protein levels were reduced in both the cerebral cortex and cerebellum. The AS-IC an allele could rescue both the small size and partial neonatal lethality of a partial PWS-IC imprinting center deletion. A slight reduction in body weight was detected through week 6, but obesity in older animals, non-Mendelian ratios of offspring and reproductive abnormalities were not reported. As failure of the AS-IC function during oocyte development in either model should result in similar constitutive epigenotypic defects in the offspring, these differences between the two models are perplexing. We cannot rule out unexpected and disparate somatic effects of the two genetic alterations; however, we favor the explanation that the generally more benign phenotypes seen in this previous model result from the 129/SvEv and mixed C57BL/6-129Sv background compared with the pure C67BL/6 background of the AS Term allele.
Previous work suggests that several traits of a Ube3a knockout model are milder on a C57BL/6J X 129 mixed background (45) . Four genetic mechanisms of AS are currently recognized: (1) maternal deletions encompassing the entire 1.9 Mb AS-PWS imprinted domain, (2) mutations in the maternal copy of UBE3A, (3) paternal disomy and (4) imprinting defects (46) . Obesity is a common feature in all four classes of older AS children (47, 48) . Curiously, obesity in toddlers and younger children is more closely associated with paternal disomy or imprinting defects than with AS interstitial deletions or UBE3A mutations (49) (50) (51) . Increased body weight of young animals was not found in several AS mouse models disrupting the Ube3a coding region, suggesting that loss of Ube3a alone is insufficient to cause obesity in young mice (45, (52) (53) (54) (55) . To the best of our knowledge, the AS Terminduced imprinting defect is the first mouse model of obesity in some young AS individuals. We previously found obesity in young mice with biallelic expression of the Snrpn-Ube3a-ats transcript (31) . Furthermore, either a paternal duplication of the entire imprinted domain or a paternal transmission of a 3 Mb duplication spanning Snrpn through Ube3a also results in obesity by 10 weeks of age (56, 57) . Together, these results suggest that increased dosage of the Snrpn -Ube3a-ats transcript is a determinant of obesity in young animals.
Materials and Methods
Generation of AS Term mice using Crispr/Cas9
Cas9 nickase, in conjunction with two guides in close proximity, was chosen to minimize off-target events (58). Poten- tial guides were identified using the CRISPR design tool at http://crispr.mit.edu/ and confirmed using the CRISPR design and analysis tool at https://benchling.com. Potential guides were screened by cloning into expression vector px330 (59), transfection of these plasmids into NIH/3 T3 cells (ATCC ® CRL-1658 TM ) and subsequent treatment of cellular DNA with the Surveyor mutation detection assay (Integrated DNA Technologies, Coralvile, IA). Guides CR15 (TGGCAGGATTAGCAGTTCAG) and CR13 (GGACTAGAGACTCTTCCACT) were cloned into pUC57-sgRNA (58) . The resulting plasmids were digested with DraI and in vitro transcribed using the MEGAshort T7 Transcription Kit (Thermo Fisher, Waltham, MA). The donor DNA template contained the following elements: the transcriptional terminator cassette consisting of the rabbit ß-globin gene intron 2 through the polyadenylation element (60) (Genbank M18818 bp 31,392-32,590) surrounded by loxFAS sites (61), a 4.5 kb 5 homology arm and a 4.9 kb 3 homology arm. The homology arms were first inserted into pUC19 using the Gibson Assembly Master Mix (New England Biolabs, Ipswich, MA). The termination cassette was then cloned between the homology arms by conventional methods. The transcriptional terminator was generously provided by Denise Barlow.
Injections were performed by the Genome Modification Facility at Harvard University as previously described (62) . In addition to donor DNA and the two sgRNAs, injections contained Cas9 nickase protein (PNA Bio, Newbury Park, CA) and RS-1 to encourage homologous recombination (63) . Candidate mouse tails were screened by PCR and Sanger sequencing. The final structure of the insertion is shown in Supplementary Material, Figure S5 .
Other mice and animal husbandry
Mice bearing a 35 kb deletion encompassing the entire PWS-IC ( 35kbPWS-IC) were originally generated on the 129Sv background and have been maintained in our colony by maternal transmission (33) . The allele had been backcrossed to C57BL/6 J over 30 generations at the time of this work. DBA2J (Stock No. 000671), CMV-Cre (Stock no. 006054) and Zp3-Cre (Stock No. 003651) were obtained from the Jackson Laboratory. Relevant polymorphisms between C57BL/6 J and DBAJ2 are listed in Supplementary Material, Table S2 .
Animals were maintained on 14:10 light to dark cycle, and fed Envigo diet 2918 (18.6% protein, 18% calories from fat) throughout all aspects of the work. Diurnal cycles affect gene expression at the AS-PWS locus (64, 65) . To minimize variation, all tissues for analysis were obtained from animals sacrificed 4-5 h into the light cycle. The sex of newborn animals was confirmed by Jarid1 PCR (66) .
Oocytes were isolated from 3-to 6-week-old females as described (13) .
BGS
Newborn brain DNA was bisulfite converted using an EZ DNA Methylation Kit (Zymo, Irvine, CA), amplified with NEB Hotstart Taq and cloned into pCR4-TOPO TA (Thermo Fisher). Bisulfite modified oocyte DNA was prepared using a CpGenome Direct Prep Bisulfite Modification Kit (MilliporeSigma Burlington, MA), amplified by nested PCR using Phusion U Polymerase (Thermo Fisher) and products cloned into pCR4Blunt-TOPO (Thermo Fisher). Sanger sequencing was performed by Genewiz.
PCR and RT-PCR
Newborn brain RNA was isolated with RNAzolRT (SigmaAldrich, St. Louis, MO) and reverse transcribed with SuperScriptII (Thermo Fisher). PCR primer sequences are listed in Supplementary Material, Table S3 . PCR conditions are available upon request. Quantitative RT-PCR assays were performed on a StepOne Plus System using preformulated TaqMan Gene Expression assays in conjunction with TaqMan Gene Expression Master Mix. Fold differences from wild-type and range in qRT-PCR were determined by the C T method normalized to Gapdh (67) . Three technical replicates each of three biological samples were used per condition.
Supplementary Material
Supplementary Material is available at HMG online.
